BACKGROUND: Outcomes in men with National Comprehensive Cancer Network (NCCN) high-risk prostate cancer (PCa) can vary substantially-some will have excellent cancer-specific survival, whereas others will experience early metastasis even after aggressive local treatments. Current nomograms, which yield continuous risk probabilities, do not separate high-risk PCa into distinct sub-strata. Here, we derive a binary definition of very-high-risk (VHR) localized PCa to aid in risk stratification at diagnosis and selection of therapy. METHODS: We queried the Johns Hopkins radical prostatectomy database to identify 753 men with NCCN high-risk localized PCa (Gleason sum 8-10, PSA 420 ng ml À 1 , or clinical stage XT3). Twenty-eight alternate permutations of adverse grade, stage and cancer volume were compared by their hazard ratios for metastasis and cancer-specific mortality. VHR criteria with top-ranking hazard ratios were further evaluated by multivariable analyses and inclusion of a clinically meaningful proportion of the high-risk cohort. RESULTS: The VHR cohort was best defined by primary pattern 5 present on biopsy, or X5 cores with Gleason sum 8-10, or multiple NCCN high-risk features. These criteria encompassed 15.1% of the NCCN high-risk cohort. Compared with other high-risk men, VHR men were at significantly higher risk for metastasis (hazard ratio 2.75) and cancer-specific mortality (hazard ratio 3.44) (Po0.001 for both). Among high-risk men, VHR men also had significantly worse 10-year metastasis-free survival (37% vs 78%) and cancer-specific survival (62% vs 90%). CONCLUSIONS: Men who meet VHR criteria form a subgroup within the current NCCN high-risk classification who have particularly poor oncological outcomes. Use of these characteristics to distinguish VHR localized PCa may help in counseling and selection optimal candidates for multimodal treatments or clinical trials.
INTRODUCTION
Risk stratification in newly diagnosed prostate cancer (PCa) aids physicians and patients to choose an optimal management approach. The most widely used risk-classification system (D'Amico) was developed in 1998 1 and has been adapted by the National Comprehensive Cancer Network (NCCN). 2 Currently, the NCCN high-risk localized PCa classification (comprising up to 26% of newly diagnosed men 3 ), defined as biopsy Gleason sum X8 or PSA 420 ng ml À 1 or clinical stage XT3a, helps identify men with localized disease who are at high recurrence and progression risk after treatment.
However, cancer-specific outcomes within high-risk PCa vary dramatically. Ten-year metastasis-free survival (MFS) can range from 70-95% depending on biopsy Gleason sum and clinical stage among high-risk men who undergo radical prostatectomy (RP). 4 Biochemical recurrence among high-risk men can vary by over 50% at 10 years. 5 Pre-operative factors that predict adverse outcomes in high-risk men have been subsequently identified, including multiple high-risk features, Gleason sum 9-10, PSA 410 ng ml À 1 , clinical stage XT2b, and higher volume of highgrade cancer. 6, 7 This heterogeneity of clinical outcomes suggests the existence of high-risk sub-populations. We hypothesize that commonly used clinical variables can be used to distinguish subsets of men with high-risk disease, while preserving the ease-of-use and point-ofcare clinical applicability of existing NCCN risk strata. Identification of men within the high-risk cohort who either experience relatively good oncological outcomes (high-risk) or the worst outcomes (very-high-risk or VHR) despite aggressive treatment can aid pre-treatment risk stratification and also assist in the selection of potential candidates for multimodal therapy or clinical trials. 8 Here, by exploring alternate permutations of known pretreatment prognostic variables, we identified a subset of men within the NCCN high-risk cohort who were at VHR for adverse oncological outcomes.
MATERIALS AND METHODS
The IRB-approved institutional RP database containing 21039 men was queried to identify men with NCCN high-risk localized PCa (Gleason sum 8-10, PSA 420 ng ml À 1 , or clinical stage XT3a), 2 who underwent RP. The following groups were excluded from analysis: men treated in the pre-PSA era (1571); those who received neoadjuvant hormonal treatments (876); men with no follow-up data (6499); and men with incomplete pretreatment staging (307). Of 11786 evaluable patients, 7085 (60.1%) were NCCN very-low or low-risk, 3948 (33.5%) were intermediate-risk and 753 (6.4%) were high-risk. In the high-risk cohort, detailed biopsy information was evaluated, including number of positive/total cores, primary/ Bold values indicate very-high-risk test definitions with metastasis-free survival and cancer-specific survival hazard ratios in highest quartile.
Criteria for very-high-risk prostate cancer D Sundi et al secondary Gleason patterns in each core and maximum percent cancer in each core for each Gleason pattern present. Multiple high-risk features was defined as having two or three of the individual NCCN high-risk criteria. As a preliminary analysis, associations of previously described prognostic factors (number of NCCN high-risk features, increasing biopsy Gleason sum, increasing PSA, PSA velocity, more advanced clinical stage and increasing volume of high-grade cancer on biopsy) with metastasis and cancer-specific death were calculated in order to validate their further use in the present high-risk cohort. Pre-operative PSA velocity data were available for 234 men. Twenty-eight alternate permutations of adverse prognostic factors served as test definitions of VHR criteria. For each VHR test definition, Cox proportional hazards modeling was used to calculate unadjusted hazard ratios for metastasis, cancer-specific and all-cause mortality. VHR test definitions that had hazard ratios in the top quartile for both metastasis and cancer-specific mortality were selected for further evaluation by multivariable analysis after adjusting for variables that were not already incorporated into the VHR test definitions: age, year of surgery and perineural invasion. Only patients with NCCN high-risk cancer were included in all analyses.
The final criteria for VHR PCa were selected based on adjusted hazard ratios for metastasis and cancer-specific mortality and cohort size. The resulting VHR cohort was compared with the remainder of high-risk men, analyzing freedom from biochemical recurrence (BFS), MFS, cancer-specific survival (CSS) and overall survival (OS). Appropriate comparative tests were used. Survival estimates were derived from Kaplan-Meier life tables. Minimum follow-up for all patients included annual symptom assessments and PSA measurements. Biochemical recurrence was defined as a post-operative increase in PSA (X0.2 ng ml À 1 ), metastasis was defined as radiographic evidence of extra-pelvic disease spread, and cancer-specific mortality was defined as death due to PCa. In order to reflect contemporary practice patterns, sub-analyses were also performed including only men with extended sampling (X10 cores at biopsy) 9 and who were treated in the modern Gleason grading era (adopted at our center in 2004). 10 The final VHR criteria performance characteristics were also compared with all possible binary cut-points of the Cancer of the Prostate Risk Assessment scoring system (CAPRA), a validated pre-operative oncologic risk classification that yields a distinct integer score between 0 and 10. [11] [12] [13] As calculation of CAPRA depends on proportion of positive biopsy cores, only patients with known total number of biopsy cores were included in this analysis (n ¼ 566). The median number of biopsy cores was 12.0, and 62% had extended sampling with X10 cores.
The two-tailed level of statistical significance was pre-defined as Po0.05. Statistical analyses were performed with STATA 11.0 (StataCorp, College Station, TX, USA).
RESULTS
We first validated known risk factors for metastasis and cancerspecific mortality including number of NCCN high-risk features, biopsy Gleason sum and volume of high-grade cancer (as assessed by proportion of positive cores on biopsy with Gleason pattern 4 or 5), all of which were significant predictors of metastasis and death in this cohort. In contrast, PSA, PSA velocity and clinical stage were not prognostic for either outcome (data not shown). Alternate permutations of adverse risk factors (number of high-risk features, volume of high-grade cancer on biopsy and pattern of high-grade cancer) comprised 28 alternate VHR criteria. Within these VHR test definitions, hazard ratios for metastasis ranged from 1.82-3.98 and those for cancer-specific mortality ranged from 1.86-4.82 (Table 1) . VHR test definitions with hazard ratios in the highest quartile for both MFS and CSS were subject to multivariable analysis
Among the five VHR test definitions analyzed by multivariable modeling, 'primary pattern 5' had the highest adjusted hazard ratios but it included only 6.9% of the high-risk cohort; therefore, it was not considered any further. Of the four remaining VHR test definitions, adjusted hazard ratios for metastasis and cancer-specific mortatlity were similar ( Table 2) , indicating nearly equivalent abilities to discriminate outcomes within the high-risk cohort. Subsequently, the ultimate VHR definition was selected according to inclusion of the highest proportion of the high-risk cohort (15.1%) to maximize clinical utility. This definition included men presenting with: primary Gleason pattern 5, or X5 cores with Gleason sum 8-10 or multiple NCCN high-risk features.
When compared with the remainder of the high-risk cohort, VHR men presented more commonly with clinical T3 disease (14.9% vs 5.8%, Po0.001) and perineural invasion on biopsy (36.8% vs 24.4%, P ¼ 0.005) but had equivalent positive surgical margin rates (26.3% vs 28.5%, P ¼ 0.609) ( Table 3 ). Median followup was 5.0 years in both the high-risk and VHR cohorts. VHR criteria discriminated men with significantly divergent BFS, MFS, CSS and OS Kaplan-Meier curves (log-rank Po0.001 for all measures) (Figure 1 ). At 10 years, BFS for VHR was 0.21 (95% CI: 0.09, 0.36) compared with 0.41 (95% CI: 0.36, 0.46) for the remainder of the high-risk cohort ( Table 4 ). Ten-year MFS for VHR men was 0.37 (95% CI: 0.20, 0.54) compared with 0.78 (95% CI: 0.72, 0.83) for the remainder of the high-risk cohort (Table 4) . Similarly, 10-year CSS for VHR men was 0.62 (95% CI: 0.45, 0.76) compared with 0.90 (95% CI: 0.85, 0.93) for high-risk men ( Table 4 ). The independent contributions of each component of the VHR criteria were assessed in multivariable models (Supplementary Table S1 ). All three components were significantly associated with risk of metastasis. In a sub-analysis of men diagnosed with extended biopsy sampling in the modern Gleason grading era (n ¼ 275), VHR criteria remained the strongest predictors of metastasis in univariate and multivariable analyses ( Supplementary  Table S2 ). Rates of additional treatment post-RP (adjuvant or salvage radiation, androgen deprivation and/or chemotherapy) were compared between the VHR and high risk groups. Post-operative, pre-metastatic treatments occurred in 51.8% of VHR men but only 35.2% of the remainder of the high-risk cohort (P ¼ 0.001) ( Table 3) .
Further, we evaluated our high-risk cohort in regards to their CAPRA score. Like our dichotomous classifier, CAPRA has the advantage over typical nomograms of being fairly easy to apply in the clinical setting with minimal calculation. [11] [12] [13] Within the entire NCCN high-risk cohort, the mean CAPRA score was 5.3 (median 5.0, range 2-9). No metastases or PCa-specific deaths were seen among men with CAPRA o3 or X9, both of which contained small numbers of patients ( Supplementary  Table S3 ). In unadjusted ( Supplementary Table S4 ) and adjusted ( Table 5 ) models, the final VHR criteria, compared with all CAPRA cut-points, was the only significant predictor of both MFS and CSS, though multiple CAPRA cut-points were significantly associated with MFS. The CAPRA cut-point that best discriminated MFS and CSS was 6. In MFS and CSS survival curves stratified by CAPRA X6 and the VHR criteria, MFS stratified similarly between the two different criteria, but the log-rank P-value for CSS by CAPRA X6 was not significant (P ¼ 0.140). Among 28 men with intermediaterisk CAPRA (3-5) who subsequently developed metastases, 4/28 (14.3%) met VHR criteria.
DISCUSSION
After systematic evaluation of adverse prognostic variables, we report criteria that dichotomize men with NCCN high-risk PCa groups with distinct clinical outcomes. The VHR group is defined by the following criteria at diagnosis: primary Gleason pattern 5, or X5 cores with Gleason sum 8-10, or multiple NCCN high-risk features. VHR PCa defined in this way has an estimated prevalence of 15.1% of high-risk PCa. Furthermore, VHR criteria identify a Table 3 ), are not pertinent to pretreatment risk stratification or consideration of initial management options. D'Amico et al. 14 have previously shown that PSA velocity 42.0 ng ml À 1 per year is an independent predictor of worse CSS after RP. In our cohort, higher PSA velocities were not associated with MFS or CSS, which may be related to the relatively small sample size of men with adequate pre-operative PSA data to allow velocity calculations (n ¼ 234). When ranking hazard ratios, we focused on metastasis and cancer-specific mortality as endpoints most relevant to the biological behavior of PCa. Biochemical recurrence after RP in high-risk men is extremely common (over 60% at 10 years) 6 but does not have a direct impact on symptoms or further therapy. 8 Similarly, all-cause mortality is an endpoint confounded by co-morbidities: competing-risks mortality can exceed 40% at 10 years. 15 Thus, we felt the most appropriate study design to define VHR criteria should evaluate the association of commonly available pre-treatment variables with MFS and CSS. 16 When evaluating MFS and CSS between the VHR cohort and remaining high-risk men, it is important to consider (1) follow-up and (2) additional therapies that were administered after RP. Median follow-up was 5.0 years in both groups, thus Table 3 , rates of additional therapies (radiation, androgen deprivation and/or chemotherapies) after RP (and before metastasis) were higher among VHR men (52% versus 35%). The reasons for this difference are unknown as triggers for secondary therapies were not available for analysis. Historically, we have we have favored salvage treatments reserved for evidence of clinical metastasis and/or rapid PSA doubling time. These therapies may have been too delayed to alter VHR patients' clinical course, which suggests that the higher rate of premetastatic secondary treatments in VHR men reflected their more aggressive cancer rather than treating cancer progression, that VHR men may be better candidates therefore for aggressive adjuvant rather than salvage therapies, or that our best available systemic therapies are inadequate to treat VHR PCa, thus providing a greater sense of urgency for clinical trials to investigate neoadjuvant and adjuvant agents that can be truly therapeutic for aggressive PCa.
Other investigators have developed tools to predict MFS and CSS after PCa treatment. Several nomograms rely on postoperative data such as pathological stage and PSA kinetics to predict metastasis [17] [18] [19] [20] or cancer-specific death. [21] [22] [23] [24] Tools to predict MFS and CSS using only pre-treatment variables are less common. For example, some investigators have examined PCa-specific mortality after curative local therapy in men stratified by the original D'Amico classification, 25, 26 though as previously discussed, the D'Amico and NCCN high-risk strata encompass a broad range of outcomes. One nomogram (Kattan et al. 27 ) uses pre-treatment PSA, clinical stage and biopsy Gleason sum to predict the 5-year probability of metastasis after external beam radiotherapy. Nomograms, which are typically complex multivariable tools, provide accurate risk estimates for groups of patients, but they require paper-or software-based calculation, which is potentially cumbersome to apply in the live clinical setting. 16 A system that improves on the difficulty-of-use of multivariable nomograms is CAPRA, originally developed to predict biochemical recurrence after RP using pre-operative patient and tumor characteristics. [11] [12] [13] CAPRA requires minimal calculation, and it correlates with the development of metastasis after RP. 28, 29 Interestingly, in our cohort of NCCN high-risk men, 59.2% were classified as CAPRA low (1.6) or intermediate (57.6) risk. When the high-risk group was stratified by CAPRA, men meeting NCCN high risk criteria who additionally had CAPRA X6 had MFS similar to VHR men.
In a study by Cooperberg et al 28 (similar findings were found by Budäus et al 29 ) , among high-risk men (defined as CAPRA X6), the range of the worst and best 10-year MFS was 79.2-84.7% (5.5 point difference), compared with 36.9-77.9% (41.0 point difference) within high-risk men stratified by VHR criteria. Among the NCCN high-risk cohort in the present study, though CAPRA X5 to X7 was significantly associated with MFS, no CAPRA score dichotomized the high-risk cohort in a way that was associated with CSS. These findings suggest that VHR criteria may better differentiate high-risk men who perform well compared with the group that suffers with disproportionately worse MFS and CSS. However, nearly one third of high-risk men who developed metastases did not meet either CAPRA X6 or VHR, suggesting a need for future classifiers (such as genomic predictors) to achieve superior risk stratification. 30 The objective of the VHR classification is to identify those who suffer the worst oncological outcomes despite curative local treatments, thus informing additional treatment decisions. Among established therapies, VHR men may be suitable candidates for early radiation therapy and/or and androgen deprivation after RP, which is a clinical dilemma that has been raised by other investigators. 31, 32 VHR criteria may also aid in patient selection for clinical trials. Selecting men with localized PCa who are most prone to develop subsequent adverse oncological outcomes may help clinical investigations illustrate which novel therapeutics can meaningfully alter the course of aggressive PCa.
There are several limitations. First, it was retrospective and therefore vulnerable to unrecognized selection bias-there were no explicit criteria to select high-risk men for surgery. Second, this is a single-center study where the cohort is largely referral-based and the treating surgeons are high-volume. The outcomes reported may therefore not reflect community-based or international practice patterns, and external validation of the VHR criteria are required before routine use. Third, although all tissues were analyzed centrally, pathological specimens were not re-reviewed. Thus, in order to correct for changes in Gleason grading over time, we performed additional analyses including men diagnosed in the modern grading era, which commenced at our center in 2004. In addition, all patients in this study underwent RP, and though there has been increasing evidence to support the use of surgery in high-risk men, 33, 34 any pre-treatment risk stratification, including VHR, is relevant to men considering all management approaches.
CONCLUSIONS
Criteria for VHR localized PCa as defined in this population are any primary Gleason pattern 5, or X5 cores with Gleason sum 8-10 at biopsy, or multiple NCCN high-risk features present at diagnosis. These criteria identify a group of men within the current NCCN high-risk category who are at greatest risk of developing metastasis or cancer-related death despite conventional treatment. Use of the VHR classification scheme can help improve Criteria for very-high-risk prostate cancer D Sundi et al pre-treatment risk stratification and help to select those patients who have the most to gain from multimodal treatments or novel clinical trial approaches.
